Amoeboid protists that harbor bacterial pathogens are of significant interest as potential reservoirs of disease-causing organisms in the environment, but little is known about them in marine and other saline environments. We enriched amoeba cultures from sediments from four sites in the New England estuarine system of Mt. Hope Bay, Massachusetts and from sediments from six sites in the Great Salt Lake, Utah. Cultures of amoebae were enriched using both minimal-and non-nutrient agar plates, made with fresh water, brackish water or saltwater.
INTRODUCTION
Species of the gram-negative bacterial genus Legionella can cause outbreaks and random cases of pneumonia-like infections in humans (Fields et al. 2002; Lau & Ashbolt 2009) . The severe infection is known as Legionnaires' disease, while the less acute, flu-like disease is called Pontiac Fever. The CDC estimates that between 8,000-18,000 hospitalized cases of Legionnaire's disease occur in the US each year, with a fatality rate of 5-40% (http://www.cdc.gov/legionella/ top10.htm). Approximately half of the more than 50 recognized species have been associated with human infections, but about 90% of the cases of Legionnaires' disease in the U.S.
are caused by Legionella pneumophila, specifically serogroup 1 strains (Yu et al. 2002; Lau & Ashbolt 2009; Newton et al. 2010) . Diagnosis of infections is difficult, particularly in the absence of outbreaks, due to the lack of distinctive symptoms, and it is likely that Legionella infections are significantly under-diagnosed and under-reported (Lau & Ashbolt 2009 ).
Species of Legionella are found worldwide in freshwater environments, especially in man-made water structures including hot water systems, cooling towers and even sewage (Fields et al. 2002; Wullings & van der Kooij 2006) , but have been reported rarely in the marine environment (Ortiz-Roque & Hazen 1987; Palmer et al. 1993; Sinigalliano et al. 2007 ). The marine sites positive for legionellae were associated with sewage, suggesting repeated contamination was likely rather than the persistence of these organisms in the environment.
The traditional view has been that legionellae, especially L. pneumophila, do not survive or persist in saline waters.
Studies with culture media supporting the growth of legionellae in the laboratory reported that the presence of NaCl inhibited growth of the virulent form of the organism (Catrenich & Johnson 1989) . Prior to that, Dutka (1984) showed that while L. pneumophila was more susceptible to inactivation by sunlight in saltwater than in freshwater, it was more robust than Escherichia coli, Staphylococcus aureus and Pseudomonas under the same conditions. A study by Heller et al. (1998) found that between 4-201C, the die off of L. pneumophila in saline media was not much different than in distilled water, but die off was enhanced at 371C in the presence of 1.5-3% NaCl (15%-30% salinity). When they tested autoclaved natural seawater corresponding to ca. 15% salinity (Baltic Sea) and 30% salinity (North Sea), the effect of temperature on die off was reduced, and even after 7 days viable L. pneumophila could be recovered at 371C. These later results strongly suggest that legionellae could persist in viable forms in saline environments, such as coastal marine sites and estuaries.
Legionellae are fastidious organisms that require a unique mixture of nutrients for laboratory growth (Fields et al. 2002) .
Their presence in aquatic environments and in biofilms is often linked to the presence of free-living protists (Fields et al. 2002; Greub & Raoult 2004) , and the infection of humans is considered an opportunistic relationship and is associated with the presence of amoebae in water (Bichai et al. 2008) . Amoebae are most commonly observed as hosts of Legionella, but ciliates and the slime mold Dictyostelium are implicated as well (Barker & Brown 1994; Fields 1996; Hagele et al. 2000; Solomon et al. 2000) . Acanthamoebae, the amoebae most commonly associated with legionellae, are considered freshwater organisms despite multiple reports of their recovery from marine environments by cultivation on brackish media and subsequent growth on full-strength seawater media (Davis 1976; Sawyer et al. 1977; Daggett et al. 1982) . Acanthamoebae often do not compete successfully against other marine amoebae in enrichment culture using full-strength seawater (Sawyer et al. 1977) , which may have led to the opinion that they were not active participants in the marine environment. Their ability to form dormant, resilient cysts when stressed due to lack of food or shifts in temperature, also may have contributed to this view. Acanthamoebae have been demonstrated to be present in the marine environment, along with several other types of amoebae (Davis 1976; Page 1983 ). Therefore, it is possible that there are organisms present in coastal marine systems that may be capable of supporting the intracellular growth of legionellae.
The goal of our research was to examine whether legionellae, and specifically L. pneumophila, could be detected in amoeba cultures recovered from saline aquatic environments.
Additionally, if the pathogen could be detected, we wanted to determine which amoebae were potentially harboring it. The coastal environments that were chosen for sampling were ones that had some form of anthropogenic impact, either treated sewage, freshwater runoff or thermal input. Amoebae were cultured from sediment samples and cultures were harvested and tested for the presence of Legionella by polymerase chain reaction (PCR) amplification. Samples positive for L. pneumophila were also amplified for eukaryotic small subunit (18S) ribosomal genes to determine the potential amoeba host. 
METHODS

DNA isolation, PCR amplification, cloning and sequencing
Amoebae were collected by centrifugation at 10,000 Â g for 5 minutes, the supernatant was removed and the pellet resuspended in 100 ml lysis buffer. The lysis procedure followed that previously described (Gast et al. 2004) . Recovered nucleic acids were resuspended in 20 ml of 0.01 M Tris (pH 7.0) and stored at À201C.
Genus-specific nested amplifications for Legionella were accomplished using the 16S ribosomal RNA (rRNA) gene primer sets Leg225/Leg858 (Miyamoto et al. 1997 ) and p1.2/ cp3.2 (Jonas et al. 1995) . Samples positive for the Legionella 16S rRNA gene were then amplified using primers targeting the gene encoding the macrophage infectivity potentiator (mip) surface protein of L. pneumophila. Nested amplifications were conducted using mipf1/m1548r (Koide et al. 1993) and mipf1/mipr1 (Templeton et al. 2004) . PCR reactions to determine the relative limit of detection were composed of a dilution series of L. pneumophila subsp pneumophila genomic DNA (ATCC 33152; 1 ng, 100 pg, 10 pg, 1 pg, 100 fg, 10 fg and 1 fg) spiked with either water or sediment extract (1 ml) that was negative for amplification of either the Legionella genus or L. pneumophila. These reactions were then taken through the nested amplification process for the detection of each target.
We directly sequenced Legionella genus-specific 16S amplification products and 3 of the mip products from Eighty-nine Legionella genus-specific 16S products and three of the mip products (0805GLSR996.2, 0805DB996.2, 0805DB994.5) were successfully sequenced directly as PCR products using the amplification primers. Seven mip clones (representing four samples) were sequenced using M13F primer, and 35 amoeba clones were sequenced using internal ribosomal primers (Weekers et al. 1994) . All sequences recovered and reported in this manuscript have been submitted to GenBank (Legionella genus GU185941-GU186030, Legionella pneumophila mip GU186031-41, amoeba cultures GU320576-GU320610).
Phylogenetic analysis
Sequenchert (Gene Codes Corporation, Ann Arbor, MI, USA) was used to identify groups of Legionella genus 16S
rDNA PCR product sequences that were o1% different, and only one representative from each group was included in the alignment (Table 1 ). The fragment of the 16S rRNA gene for the Legionella genus recovered by PCR was aligned using ClustalW (http://align.genome.jp/, Kyoto University Bioinformatics Center) with sequences from GenBank, and the alignment was trimmed so that all sequences were of similar size (o400 bp). Sequences o75% of the fragment length were removed from the alignment, yielding a final dataset composed of 157 sequences with 408 sites (nucleotides). The phylogenetic reconstruction was determined using 
RESULTS
Cultures
Three hundred and sixteen amoeba cultures were recovered throughout the sampling period from 27 MHB sediment samples, and 72 were recovered from eight GSL samples (Table 2) . Although cultures were transferred to new medium every 2-3 weeks, many of the cultures were no longer viable after 1 year. The three L. pneumophila amoeba cultures that remained viable one year later, were no longer positive for the presence of the bacterium.
Limit of detection by PCR
For water, we were able to recover a product from 10 fg of template for the Legionella genus-specific 16S amplification, and 100 fg of template for the mip amplification. For sediment, we were able to recover a mip product from 10 fg of template and from 1 fg of template for the genus-specific 16S
amplification. Each Legionella cell carries about 3 fg of genomic DNA, so we were theoretically able to detect a minimal cell number between 1 and 33 cells per reaction, depending upon the sample type and the target (ribosomal vs single copy mip).
Legionella PCR amplification from amoeba cultures
One hundred and thirty-two of the MHB cultures (42%) and 53 of the GSL cultures (74%) were positive for the presence of the Legionella genus by PCR amplification (Table 2 ). There was no obvious trend between the recovery of Legionella products and the season of sample collection or the location of sample collection. Thirteen of the 132 MHB Legionellapositive amoeba cultures were positive for L. pneumophila mip genes (9.8%) by PCR (Table 2) , and four out of 53 Great Salt Lake Legionella positive cultures were mip positive (7.5%; Table 2 ). A list of the cultures considered positive is given in 
Legionella genus diversity associated with amoeba cultures
Eighty-nine of the amplification products of the Legionella genus 16S rRNA gene fragments were successfully directly sequenced (Table 4) . BLAST similarities to Legionella sequences in GenBank ranged from 93%-100% (Table 4) . The fragments were all relatively short (B400 bp), so some of the percent similarities represent only a small number of differences (e.g. 96% similarity would be about 16 base pair differences). Eleven of the 89 sequences were possibly not legionellae, and had top BLAST hits to Rheinheimera aquimaris (7 of 11), uncultured bacteria or betaproteobacteria (2 of 11), or an uncultured bacterium sequence from sediment 103 meters below the surface of Lomonosov Ridge (2 of 11).
The fragments were placed in an alignment with Legionella 16S rRNA gene sequences from GenBank to establish the general relationship to other sequence types. The Legionella sequences recovered from amoebae were all novel and distributed throughout the ribosomal phylogeny for the genus (Figure 3) . Generally, they clustered with other environmental isolates from the database, but in some instances they clustered with potentially pathogenic isolates, such as Legionella-like amoebal pathogen 10 (Group B, Figure 3 ). The
Rheinheimera-like sequences all cluster together in Group G (Figure 3) on one of the longest branches in the reconstruction, suggesting that they may not be Legionella. In contrast, the Lomonosov Ridge bacterium-like sequences appear to cluster more closely with other legionellae (Group H, Figure 3 ).
Mip gene amplification
We successfully recovered sequences from seven of the 17 mip products (0605COMNN.2, 0705BR994.1, 0805BP994.2, 0805 DB996.2, 0805DB994.5, 0805GSLR996.1. 0606GSLFB996.2).
All of the recovered mip sequences cluster significantly with the mip sequences from L. pneumophila (Figure 4 ). For three samples where we cloned PCR products, clones from the same mip product differed by one or more bases (Figure 4 ).
This could indicate the presence of a mixture of strains in the sample, or PCR and sequencing errors. Multiple 18S rDNA clones were recovered and partially sequenced, and only those that yielded putative amoeba sequences were pursued further. Our recovery of amoeba 18S sequences was low relative to the total number of cultures (35/132 positive for legionellae). We, and others, have had difficulty recovering ribosomal sequences from environmental amoebae, even when in laboratory cultures (personal observations). The amoeba types identified by BLAST are presented in Table 4 and include typical freshwater amoebae (Acanthamoeba and Naegleria), as well as commonly occurring marine amoebae (Vannella and Platyamoeba). Most of the amoeba culture extracts yielded only one amoeba-like 18S sequence, but we recovered two each from cultures 73 and 99 (Table 4) . We also recovered other protistan 18S sequences from some of the cultures, and while most of these were from flagellates (bodonid, kinetoplastid, dinoflagellate, euglenozoa, bicosoeicid), ciliate sequences (Engelmanniella, Homalogastra, Parauronema) were found in two cultures, and algal sequences (Chlorella and Nanochlorum) in two other cultures.
DISCUSSION
The most significant result in this study was that Legionella pneumophila, and other potentially pathogenic Legionella species, can be detected in amoeba cultures recovered from widely different saline environments and grown in saline conditions. Although only a small proportion of our amoeba cultures were positive for potential pathogens, this observation is of importance not only because it indicates that the pathogen can persist in saline environments, but that there is the potential for growth in those environments. Studies have indicated that the virulence of some Legionella species increased after intracellular growth (Lau & Ashbolt 2009; Cirillo et al. 1999; Cirillo et al. 1994) , and if these organisms are able to grow intracellularly in the marine environment, they could represent a human health risk. Unfortunately, it was not possible for us to confirm, either by Giemsa staining or in situ hybridization, the presence of L. pneumophila Most of the Legionella sequence types recovered from sediment were distinct from each other and from previously reported sequences, but similar (o1% difference) sequence types were recovered from amoeba cultures from the different sampling sites in MHB (Table 4) . Often, the samples sharing sequence types were from the same collection date, indicating a potential seasonal pattern to species distributions. It was not possible to determine whether human impact played a role in the presence of legionellae in these samples as all of the sites sampled had some anthropogenic contribution, usually either treated sewage or urban runoff. Future studies of saline environments that lack these inputs would be useful for understanding whether Legionella species are a natural component of salt water microbial communities, or if they are introduced through human activity, but have managed to persist.
Amoeba isolates carrying similar Legionella sequence types often grew on the same media (brackish/freshwater vs. marine), but not exclusively (Table 4 ). This implies the potential for Legionella-like bacteria to inhabit both freshwater and saltwater amoebae. It is also very likely that amoebae are able to adapt to growth at different salinities, but due to difficulty in recovering sequences from cultured amoebae (Table 4) , we cannot make an extensive comparison between the amoeba types, media salinity and Legionella sequence types.
Forty-eight percent of our amoeba cultures were positive for sequences from the genus Legionella. Although L. pneumophila mip sequences were not abundant they were detected (9% of Legionella-positive amoebae, 4% of all amoebae), as were sequences related to a variety of other potential pathogens such as Legionella-like amoebal pathogens (LLAP; 18% of Legionella-positive amoebae, 9% of all amoebae). LLAP are bacteria that cause the lysis of their amoebal host in a manner similar to that of Legionella (Rowbotham 1986) . These organisms may be important as potential human pathogens as the strategy by which they avoid protistan digestion and multiply intracellularly could also be employed in evading destruction by the human innate immune response.
We found that there is the potential for mixed Legionella Although the study was conducted with three different genera, there is the possibility that different species and strains of the same genus could show different susceptibility to infection as well. There is also the possibility that another protist in the culture could have harbored the bacterium. Although we did recover sequences for other protists in our amplification and cloning, ciliates, the only other protist considered to potentially harbor Legionella, were not observed visually or by sequence in the mip positive cultures. This is one of the first attempts made to identify the potential interactions between Legionella-like bacteria and salt-tolerant hosts. It has been reported that 13 species of amoebae can harbor Legionella bacteria (Fields 1996) . In this study, we recovered sequences related to several of these amoebae (Acanthamoeba, Naegleria, Hartmannella), as well sequences that represent potentially new associations with this bacterium (Paratetramitus, Reticulamoeba, Singhamoeba, Platyamoeba, Filamoeba, and unidentified cercozoa).
We usually only recovered one amoeba-like 18S sequence from a culture, but there were two instances (amoeba 73 and amoeba 99) wherein two different amoebal sequences were obtained when screening the clones. For amoeba culture 99, it may have been that only Reticulamoeba harbored the Legionella-like bacteria, as Nolandella was not recovered from our other sequencing efforts. It may also be that any of the amoebae detected were capable of harboring the bacteria, and because we were not successful in recovering amoeba sequences from all of our cultures we missed other occurrences of amoebae in our survey.
CONCLUSION
In this project, we have shown that Legionella pneumophila is present at low levels in saline environments. They may be harbored in amoebae that can grow in salt water, which could lead to the growth and persistence of this pathogen in the environment. The overall diversity of Legionella-like sequences we recovered, as well as the amoeba sequence types that could harbor them, suggest that these bacteria/protist associations are not uncommon, even in the marine realm.
